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Abstract:
32 Adenoviruses are clinically important agents. They cause respiratory distress, gastroenteritis, and 33 epidemic keratoconjunctivitis (EKC). As non-enveloped, double stranded DNA viruses, they are easily 34 manipulated, making them popular vectors for therapeutic applications, including vaccines. Species D 35 adenovirus serotype 26 (HAdV-D26) is both a cause of EKC and other disease, and a promising vaccine 36 vector. HAdV-D26 derived vaccines are under investigation as protective platforms against HIV, Zika, 37 RSV infections and are in Phase-III clinical trials for Ebola. 38 We recently demonstrated that HAdV-D26 does not utilise CD46 or desmoglein 2 as entry receptors, 39 whilst the putative interaction with Coxsackie and Adenovirus Receptor (CAR) is low affinity and 40 unlikely to represent the primary cell receptor. 41
Here, we definitively establish sialic acid as the primary entry receptor utilised by HAdV-D26. We 42 demonstrate removal of cell surface sialic acid inhibits HAdV-D26 infection and provide a high-43
resolution crystal structure of HAdV-D26 fiber-knob in complex with sialic acid. 44 45 in humans, coupled with low seroprevalence rates in the general population(30, 33) makes them 79 attractive platforms for vaccines, as evidenced by their progression through clinical trials for HIV(55, 80 56), Zika(57), and Ebola treatment(58, 59). However, there remains a lack of understanding regarding 81 their basic biology and mechanisms of cellular infection. This is exemplified by Adenovirus serotype 82 26 (HAdV-D26), which is being investigated as a vaccine vector for zika(57), HIV(60), respiratory 83 syncytial virus(61), and has entered phase III clinical trials as an Ebola vaccine(58). 84
Despite its clinical success, recent findings further highlight the lack of clarity over the primary 85 receptor usage of HAdV-D26. It is now clear that, despite previous publications to the contrary, HAdV-86 D26 cannot engage CD46 as a primary cellular entry receptor(62). Instead, the HAdV-D26 fiber-knob 87 protein (HAdV-D26K) may engage CAR as a primary receptor, although the affinity of this interaction 88 is attenuated compared to the classical HAdV-C5 interaction with CAR due to the presence of an 89 extended HAdV-D26 fiber-knob DG loop, which sterically inhibits the interaction with CAR(62). The 90 deduced low affinity of the interaction between CAR and HAdV-D26 fiber-knob make it unlikely that 91 CAR represents the definitive primary receptor of HAdV-D26. 92
Here, we conclusively demonstrate that HAdV-D26 utilises sialic acid bearing glycans as a primary 93 entry receptor, and that this interaction can form a productive infection. We deduce the structure of 94
HAdV-D26K in complex with sialic acid (Neu5Ac), demonstrating a similar topology to the known sialic 95 acid interacting adenovirus HAdV-D37 fiber-knob in the sialic acid binding pocket, but highlight crucial 96 mechanistic differences likely to enhance HAdV-D26 affinity for sialic acid compared to other 97
serotypes. 98
Results: 99 HAdV-D26K has an electrostatic profile permissive to sialic acid interaction:
100
Our recent findings rule out any role for DSG-2 or CD46 in HAdV-D26 infection, whilst the low affinity 101 of the interaction between HAdV-D26K and CAR made it an unlikely primary cell entry receptor. 102
Previous amino acid sequence alignments demonstrated little conservation of sialic acid binding 103 residues with the fiber-knob domains of the known sialic acid utilising adenoviruses HAdV-G52SFK 104 (short fiber-knob) or Canine adenovirus serotype 2 (CAV-2)(62). However, these alignments indicated 105
HAdV-D37, known to bind sialic acid in the apex of the fiber-knob, bore some similarity at a sequence 106 level. We sought to evaluate the ability of HAdV-D26K to interact with the remaining previously 107 described adenovirus receptor, sialic acid. 108
HAdV-D37 fiber-knob is identical to that of HAdV-D64, and highly homologous to HAdV-D8 ( Fig.1A) . 109 These three viruses have been shown to cause epidemic keratoconjunctivitis (EKC) and to interact 110 with sialic acid. The closely related HAdV-D19p, differing from HAdV-D64 at only two residues, has 111 also been shown to bind sialic acid, but does not cause EKC. We compared HAdV-D26K to these viruses 112 to determine if a similar binding mechanism was possible. 113
These sialic acid binding viruses all have highly negative predicted isoelectric points (pI) (Fig.1A) . We 114 calculated the surface electrostatic potentials of these fiber-knob proteins, at pH7.35 to simulate the 115 pH of extracellular fluid, using previously published crystal structures where available. There is no 116 published structure of HAdV-D8K, so we generated a homology model based on the closest known 117 relative with a crystal structure ( Fig.1B) . 118
The viruses are highly basic, with a concentration of positive charge in the central depression around 119 the 3-fold axis corresponding to the previously reported sialic acid binding sites ( Fig.1B-D) . We 120 observed that HAdV-D8 has the most basic surface potential ( Fig.1B) , followed by HAdV-D37/64 121 ( Fig.1C ). HAdV-D19p is less basic, due to the two amino acid substitutions, compared to HAdV-D37/64, 122 though the central depression is unaffected, as has previously been noted ( Fig.1D )(63). 123
HAdV-D26K has a lower predicted pI, 6.49, and less positive surface potential ( Fig.1A,E ). However, the 124 central depression of HAdV-D26K remains basic around the region where sialic acid is observed to 125 bind in HAdV-D19p and HAdV-D37. HAdV-D26 retains the charge needed for sialic acid binding in the 126 apex of the protein in the context of an otherwise acidic protein ( Fig.1F ). 127
HAdV-D26 requires cell surface sialic acid for efficient infection: 128
Sequence alignment of HAdV-D26K with these known sialic acid utilising viruses, bearing a positively 129 charged apex, showed conservation of key binding residues between serotypes ( Fig.2A ). We observe 130 complete conservation of Tyr130, and Lys165 across the 4 serotypes, and conservation of Asp128 with 131
HAdV-D8 ( Fig.2A ). Further, while Tyr135 is not conserved in HAdV-D26, inspection of the crystal 132 structure of HAdV-D37K and HAdV-D19p in complex with sialic acid (PDB 1UXA and 1UXB, 133 respectively)(63) reveals this to be a main chain oxygen contact, positioned similarly in HAdV-D26, and 134 can be considered homologous. 135
To investigate the ability of HAdV-D26 to utilise sialic acid as a cell entry receptor we used a replication 136 incompetent HAdV-C5 vector pseudotyped with the HAdV-D26 fiber-knob, expressing a GFP 137 transgene. We performed infectivity studies in three cell lines, with and without pre-treatment with 138 neuraminidase to remove cell surface sialic acid. The tested cell lines could be infected by the CD46 139 respectively. However, infection via these routes was uninhibited by neuraminidase treatment. 141
Transduction efficiency of HAdV-C5 and HAV-C5/B35K was actually enhanced by neuraminidase 142 treatment in some cases; an effect which has been previously observed (27, 64) . This has been 143 suggested to be due to a reduction in the electrostatic repulsion of the negatively charged capsid of 144
HAdV-C5. 145
Infection by the HAdV-C5/D26K pseudotype was significantly reduced in all three cell lines following 146 treatment with neuraminidase ( Fig.2D ). This inhibition is significant (P<0.005), resulting in >5-fold 147 decrease in infection, in all three cell lines tested. These data indicate that HAdV-C5/D26K is likely to 148 be utilising the sialic acid mediated pathway for infection, not CD46 or CAR. 149
HAdV-D26 forms a stable complex with sialic acid: 150
We crystallised HAdV-D26K in complex with sialic acid in order to clarify the mechanism of interaction. 151
Refinement of structures generated from HAdV-D26K crystals soaked in sialic acid shows electron 152 density for a small molecule ligand in the apical depression ( Fig.3A ), this is best described by a racemic 153 mixture of α and β anomers, in conjunction with double conformations of sialic acid (Fig.3B ). The cubic 154 space group (supplementary table 1) enabled assembly of the biological trimer. We observed three 155 copies of sialic acid bound within the apex of the fiber-knob trimer ( Fig.3C ), as previously observed in 156
HAdV-D37 and HAdV-D19p. 157
Sialic acid binding was observed in structures crystallised at both pH8.0 (PDB 6QU6) and pH4.0 (PDB 158 6QU8). Observation of sialic acid density at high σ-values suggests a highly stable interaction 159 ( Supplementary Fig.1 ). Electron density demonstrates the C2 carboxyl and OH groups in two 160 conformations, and the C6 glycerol group is flexible, with the C7-C8 bond rotating to alter the 161 orientation of the glycerol arm relative to the pyranose ring and binding pocket ( Fig.3A,B , 162 Supplementary Fig.1 ). The glycerol group exhibits further flexibility at the C8-C9 bond, making the 163 terminal oxygen mobile. The distribution of the density for the glycerol group is different at each pH 164 ( Supplementary Fig.1 ), suggesting pH could affect the preferred mode of interaction. 165
The most biologically relevant sialic acid conformation places the carboxyl group axial to the chair-166 conformation pyranose ring ( Supplementary Fig.2 ), leaving the OH group pointing away from the fiber-167 knob and free to form an α(2)-glycosidic bond as part of a glycan. This is suggestive of a terminal sialic 168 acid residue, as the chain can extend out of the central depression, as was observed in the previously 169 described HAdV-D37K:GD1a glycan structure(63, 65). 170
HAdV-D26 possesses a sophisticated sialic acid binding pocket:
171
Comparison between the HAdV-D26K and HAdV-D37K, the best described of the sialic acid binding 172 adenoviruses, reveals several sialic acid contacts are conserved ( Fig.4A,B ). Lys349 and Tyr314 are 173 identical, and while Lys349 exhibits some flexibility, all observed lysine conformations form a contact 174 with the carboxyl-group of the sialic acid ( Supplementary Fig.3 ). Whilst Thr319 is not conserved in 175
HAdV-D37 (which has a proline at this position), the main chain oxygen contact to the N-Acetyl 176 nitrogen is spatially similar, so the bond can be considered homologous. 177
The HAdV-D26K sialic acid interface forms further contacts with sialic acid that are not observed in 178
HAdV-D37K ( Fig.4A, B ). HAdV-D26K contacts the N-Acetyl oxygen of sialic acid using Asn312, which 179 forms a polar contact and a water-bridge (Fig.4A ). The comparable residue in HAdV-D37K, Thr310, is 180 too short to form a direct polar interaction ( Fig.4B ), instead utilising a pair of water-bridges. 181
In HAdV-D37 the glycerol arm of sialic acid was only contacted by a water-bridge between Ser344 and 182 the C7-OH. However, in HAdV-D26 all 3 OH groups in the glycerol arm form contacts. C7-OH is 183 coordinated by water-bridges to both Asn312, and Gln348. C8-OH forms a water-bridge with Thr319, 184 and C9-OH forms both a water-bridge and a polar contact directly to Gln348. Like Thr310, the serine 185 belonging to HAdV-D37 at position 344 is too short to form a polar bond equivalent to the one with 186
Gln348. HAdV-D26 binds sialic acid through an induced fit mechanism:
198 We observe split density for Gln348 in both pH8.0 ( Fig.5A ) and pH4.0 ( Fig.5B ). Whilst conformation A 199 can form polar contacts with sialic acid, conformation B points into the solvent and cannot. It is 200 possible that Gln348 is flexible, but then is attracted to the charged density of the glycerol arm upon 201 sialic acid interaction. We also observe greater occupancy of conformation A in the pH8.0 structure 202 (approximately 0.7) while at pH4.0 the occupancy is evenly split. This suggests that the interaction 203 may be more stable at higher pH, such as that associated with the pH found at the cell surface. 204
Ile324, which is seen to be involved in hydrophobic interactions with the N-Acetyl methyl group 205 ( Fig.4C ), can also have multiple conformations. In an unliganded structure of HAdV-D26 fiber-knob 8 (PDB 6FJO) the long arm of Ile324 is seen to rotate ( Fig.5C ). However, in the ligated structure Ile324 207 occupies a single conformation ( Fig.5D ) forming a cradle. This creates a larger hydrophobic patch and 208 restricts the methyl group in space by pinching it between the pair of hydrophobic isoleucines, 209 anchoring the N-Acetyl group. 210
Discussion:
211
Other adenoviruses have previously been shown to interact with sialic acid. These include CAV2(66), 212
Turkey adenovirus 3 (TAdV-3)(67), and HAdV-G52 short fiber-knob(26, 68), but these viruses interact 213 with sialic acid in lateral regions of the fiber-knob, dissimilar from HAdV-D26K. Four other human 214 adenoviruses fiber-knob proteins (HAdV-D8/19p/37/64K) have been previously shown to utilise sialic 215 acid, binding in the apical region. These viruses have high sequence similarity to each other, but not 216 to HAdV-D26K, though they all share key sialic acid contact residues ( Fig.1A,2A ). 217
The structure of HAdV-D8 has not been determined, either alone or in complex with sialic acid, but 218 infection by HAdV-D8 is sensitive to neuraminidase treatment suggesting sialic acid utilisation(69). 219
Furthermore, HAdV-D8K has very high sequence homology and shared sialic acid contact residues with 220
HAdV-D19p/37K making it logical to expect a similar interaction mechanism. In support of this we 221 observe a similar electrostatic profile in the modelled fiber-knob as seen in HAdV-D37/64 ( Fig.1B,C) . 222
HAdV-D64 has an identical fiber-knob domain to that of HAdV-D37, so fiber-knob interactions with 223 sialic acid are likely to be conserved between these serotypes. HAdV-D26K conserves the key region 224 of positive potential in the apical depression, but in the context of an otherwise more acidic protein 225 ( Fig.1E ). 226
Inspection of the sialic binding pocket of HAdV-D26K reveals a much more complex mechanism of 227 interaction than that previously reported for HAdV-D37K ( Fig.4 )(63). The overall topology of the 228 pocket is similar, with hydrophobic residues around the N-Acetyl group and polar contacts between 229 the carboxyl and C4-OH group. However, HAdV-D26K has several differences which increase the 230 number of contacts between the sialic acid and the fiber-knob. 231
Subtle sequence changes enable more numerous interactions between HAdV-D26K and sialic acid 232 than are possible in HAdV-D37K. In HAdV-D37 Pro317 forms a main chain oxygen contact to the 233 nitrogen of sialic acid, however it also creates tension which rotates the N-terminal residue away from 234 the carboxyl group of sialic acid. In HAdV-D26K, Tyr320, which is C-terminal of the Thr319 that is 235 equivalent to Pro317 in HAdV-D37K does not create this tension and enables the main chain oxygen 236 at position 320 to contact the sialic acid carboxyl group. Thr319, also forms a water-bridge with the 237 C8-OH group, helping to stabilise the glycerol side-chain (Fig.4A) . 238 This is one of several examples of HAdV-D26K being better evolved to contact sialic acid. The 239 substitution of the Thr310 and Ser344 found in HAdV-D37K for longer charged residues (Asn312 and 240 Gln348, respectively) in HAdV-D26K enables direct polar contacts, as well as additional water-bridge 241 contacts. Substitution of Tyr308 and Val322 for more hydrophobic isoleucine residues in HAdV-D26 242 (Ile 310 and Ile324, respectively) creates a hydrophobic indentation better tailored to fit around the 243 N-Acetyl methyl group. 244
The high resolution of the datasets generated to determine the sialic acid bound HAdV-D26K structure 245 enables visualisation of multiple residue conformations with partial occupancy. In unligated structures 246 of HAdV-D26K (PDB 6FJO), Ile324 exhibits a double conformer, occupying the available space (Fig.5C ). 247
However, when sialic acid is bound, it is restricted to have a single conformation with the long arm 248 facing away from the sialic acid site, towards the inter-monomer cleft. Ile310 has the opposite 249 orientation and creates an indentation which cradles the methyl group of sialic acid. Tyr312 may 250 further contribute to the hydrophobic cradle. Tyr312 would not normally be considered a hydrophobic 251 residue, but the side chain oxygen faces towards the solvent, where it forms a polar interaction with 252 the C4-OH on sialic acid (Fig.4A) , leaving the face of the tyrosine ring exposed to the methyl group 253 which may contribute hydrophobic character to the cradle. This tyrosine behaves in both a polar, and 254 hydrophobic manner at the same time. We suggest that the long arm of Ile324 adopts the sialic acid 255 binding conformation in response to the hydrophobic pressure exerted by sialic acid entering the 256 pocket, minimising the exposed hydrophobic surface when unbound, holding the methyl group 257 between the short arm of Ile310 and the Tyr312 ring, making this an example of induced fit. 258
The double occupancy of Gln348 may indicate a second induced fit mechanism. We observe two 259 possible conformations of Gln348 (Fig.5C ). While conformation A does not form any contacts, 260 conformation B forms a polar bond, and water-bridge, with the sialic acid glycerol group. In HAdV-261 D37K the glycerol group forms only a water-bridge from C7-OH to Ser344, the spatial equivalent of 262
Gln348. Whilst we have not determined the preferred conformation of the sialic acid glycerol group 263 versus Gln348 conformation, we observed that it can form polar contacts with it regardless, while 264
Gln348 is in conformation B (Fig.5C) . 265
We suggest Gln348 may be labile until the binding of sialic acid. Upon sialic acid binding Gln348 266 becomes attracted to the charged glycerol group causing it to stabilise in conformation A. This has the 267 effect of "locking" the glycerol side chain in place, which is further restrained by water-bridge contacts 268 to Thr319 and Asn312. 269
Gln348 has greater occupancy in a sialic acid binding conformation (conformation-A) at pH8.0, which 270 corresponds more closely to the physiological conditions in which it would encounter at the cell 271 surface ( Fig.5A) . At pH4.0 Gln348 has approximately half occupancy in each conformation (Fig.5B) . This interaction in HAdV-D26K is a much more sophisticated binding mechanism compared to HAdV-281 D19p and the EKC causing viruses. However, the overall pocket topology and several key residues bear 282 similarities. It may be surprising to observe such similarity given the low level of sequence homology 283
HAdV-D26K has to the HAdV-D37K (56.76%, Fig.1A ). Other regions, especially the loops, have highly 284 dissimilar sequences. There is a precedent for this within adenovirus, with recombination events being 285 reported in numerous settings(46, 47, 70, 71). 286
It has previously been suggested that many of the species D adenoviruses may have dual sialic acid 287 binding affinity and CAR affinity(63). This has been observed in HAdV-D37/64, CAV-2(19, 66), and now 288
HAdV-D26(62). Interestingly the species G adenovirus HAdV-G52 has also been observed to bind both 289 CAR and sialic acid, but using two different fiber knob proteins on the same virus and a different 290 mechanism of sialic acid interaction in the knob(26), which is shown to bind polysialic acid(29). 291
Previous work has proposed CAR may be a receptor for many, if not all, of the species D adenoviruses 292 with variable affinity(62, 63, 72), and suggest that sialic acid could also be widely utilised(63). These 293 findings support that assertion, and adding another species D adenovirus, with low sequence 294 similarity, to the pool of adenoviruses observed to bind both CAR and sialic acid. 295
Human adenovirus serotypes 43, 27, and 28 fiber-knobs share high sequence homology with HAdV-296 D26K, sharing the majority of the critical binding residues, and/or having structural homologues at 297 those positions ( Supplementary Fig.4 ). HAdV-D26K is the only species D adenovirus to have a 298 glutamine at position 348 (HAdV-D26K numbering), though many have the shorter, but similarly 299 charged, asparagine at this location, share the serine or similarly charged residue found in HAdV-D37K, 300 or possess an asparagine which could behave similarly to glutamine. However, HAdV-D8 has an 301 uncharged alanine at this position suggesting that a charged residue may not be strictly required for 302 sialic acid binding, though may alter affinity ( Supplementary Fig.4) . 303
HAdV-D8K shares an asparagine at the same position as HAdV-D26K which we have shown to form 304 polar and water-bridge contacts to sialic acid (Fig.4A ). While this is unique among the classical EKC 305 causing viruses HAdV-D19p/37/64, it is the most common residue at this position in the species D 306 adenoviruses ( Supplementary Fig.4) . 307
The HAdV-D26K surface electrostatics are most like those of HAdV-D19pK. HAdV-D19pK is capable of 308 binding sialic acid(63), and a limited effect is seen on infection of A549 cell binding after neuraminidase 309 treatment to remove cell surface sialic acid(69). HAdV-D19p binding to Chang C (human conjunctival) 310 cells was completely unaffected by neuraminidase treatment, though binding was very low regardless 311 of neuraminidase treatment(27). This inability to bind Chang C cells was shown to depend upon a 312 single lysine residue (Lys240) in the apex of the fiber-knob, but distant from the sialic binding pocket, 313 creating a more acidic apical region in the lysine's absence(73). HAdV-D26K also lacks a lysine in this 314 position and has the most acidic electrostatic profile observed in this study (Fig.1) . 315
HAdV-D37K, and the identical HAdV-D64K, have been shown to preferentially interact with the sialic 316 acid bearing GD1a glycan on the corneal cell surface, causing EKC(65). However, it seems unlikely that 317 a protein capable of trivalent sialic acid binding is completely specific for GD1a, a di-sialylated glycan, 318
given the wide range of available glycan motifs which are di-and tri-sialylated. The GD1a preference 319 may be diminished in HAdV-D19p by the acidic surface caused by the two amino acid substitutions, 320 creating a glycan preference for tissues outside of the eye. Similarly, HAdV-D26K may have a unique 321 glycan preference, driving its tissue tropism towards cells with different glycosylation patterns. 322
These findings clarify the receptor tropism of HAdV-D26 and build upon the increasingly complex body 323 of knowledge describing species D adenoviruses. The comparison of different sialic acid binding 324 residues suggests greater plasticity regarding the specific residues needed for sialic acid binding than 325 previously thought ( Supplementary Fig.4 ). It seems highly likely that many adenoviruses in species D, 326 and perhaps other species, may interact with sialic acid in this manner. This suggests potential causes 327 Truncate from the CCP4 package(82). Structures were solved with PHASER, COOT was used to correct 396 the sequences and adjust the models, REFMAC5 was used to refine the structures and calculate maps. 397
Graphical representations were prepared with PyMOL(83). Reflection data and final models were 398 deposited in the PDB database with accession codes: 6QU6, 6QU8, and 6FJO. Full crystallographic 399 refinement statistics are given in Supplementary Table 1  400 Calculation of electrostatic surface potentials and isoelectric points:
401
HAdV-D37, HAdV-D19p, and HAdV-D26 used PDB IUXA, PDB 1UXB, and PDB 6QU8, respectively, as the 402 input. HAdV-D8 was calculated using a homology model, generated as described below, for input. 403
The PDB2PQR server (V 2.1.1)(84) was used assign charge and radius parameters using the PARSE 404 forcefield, and assigned protonation states using PROPKA, at pH7.35. APBS(85) was used to calculate 405 electrostatic surface potentials, and the map output was visualised in PyMol(83). The authors wish to acknowledge the Diamond Light Source for beamtime (proposal mx14843), and 418 the staff of beamline I04 for assistance with diffraction data collection. 419 shown as green sticks. Oxygen and nitrogen are seen in red and blue, respectively. 647 Figure 5 : HAdV-D26K affects an induced fit mechanism in sialic acid binding. HAdV-D26K residue 648
Gln348 can occupy multiple conformations, with a greater preference for conformation A (capable of 649 forming a polar contact with the glycerol arm of sialic acid) at pH8.0 (A) than at pH4.0 (B). Ile324 has 650 two conformations when HAdV-D26K is unliganded (C, PDB 6FJO). However, upon sialic acid binding 651 the Ile324 adopts a single confirmation creating a hydrophobic indentation around the N-Acetyl 652 methyl group bounded by Ile324,Ile310, and the ring of Tyr312 (D).
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